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Abstract 
Studying how habitat loss affects the tolerance of ecological networks to species 
extinction (i.e., their robustness) is key for our understanding of the influence of human 
activities on natural ecosystems. With networks typically occurring as local interaction 
networks interconnected in space (a meta-network), we may ask how the loss of specific 
habitat fragments affects the overall robustness of the meta-network. To address this 
question, for an empirical meta-network of plants, herbivores and natural enemies we 
simulated the removal of habitat fragments in increasing and decreasing order of area, 
age and connectivity for plant extinction and the secondary extinction of herbivores, 
natural enemies and their interactions. Meta-network robustness was characterized as 
the area under the curve of remnant species or interactions at the end of a fragment 
removal sequence. To pinpoint the effects of fragment area, age and connectivity, 
respectively, we compared the observed robustness for each removal scenario against 
that of a random sequence. The meta-network was more robust to the loss of old (i.e. 
long-fragmented), large, connected fragments than of young (i.e. recently fragmented), 
small, isolated fragments. Thus, young, small, isolated fragments may be particularly 
important to the conservation of species and interactions, while contrary to our 
expectations larger, more connected fragments contribute little to meta-network 
robustness. Our findings highlight the importance of young, small, isolated fragments as 
sources of species and interactions unique to the regional level. These effects may 
largely result from an unpaid extinction debt, in which case these fragments are likely to 
lose species over time. Yet, there may also be more long-lasting effects from cultivated 
lands (e.g. water, fertilizers, and restricted cattle grazing) and network complexity in 
small, isolated fragments. Such fragments may sustain important biological diversity in 
fragmented landscapes, but maintaining their conservation value may depend on 
adequate restoration strategies.    
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Introduction 
 
Habitat destruction is currently one of the major drivers of biodiversity loss at a global 
scale, because it leads to species extinction and often triggers co-extinction cascades 
(Barnes et al. 2017). Where species interact forming complex interaction networks 
(Gravel et al. 2019), both the structure and functioning of ecological networks are 
altered as a consequence of habitat loss and fragmentation (Grass et al. 2018). This may 
result in simpler, increasingly homogeneous landscapes with a progressive degradation 
of ecosystem services (Tscharntke et al. 2005). Yet, how species are lost from complex 
ecological networks embedded in fragmented landscapes is so far poorly known (Evans 
et al, 2013). Therefore, understanding how landscape transformation drives the 
extinction of species and their interactions is key for a sustainable use of natural 
ecosystems and to guarantee essential goods and services for human societies (Isbell et 
al. 2017). 
 
With species tied into interaction networks, the local extinction of a population may 
lead to secondary extinctions of other populations that depend on it (Montoya et al. 
2006). Network robustness refers to the tolerance of ecological networks to species 
extinctions (Dunne et al. 2002), so that a network will be more robust when it 
experiences fewer secondary extinctions after losing a particular species (Dunne et al. 
2002; Memmott et al. 2004). In natural ecosystems, the order of species extinction is 
unlikely to be random, but rather to reflect species’ differential sensitivity to 
perturbations (Larsen et al. 2005). Previous studies have shown that both mutualistic 
and antagonistic interaction networks are more robust to the extinction of randomly 
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generalists can lead to the secondary extinction of associated specialist species (Dunne 
et al. 2002; Memmott et al. 2004). Fortunately, the extinction of generalists is less likely 
in real, natural systems than in randomly assembled communities, since in nature well 
connected species tend to have a lower extinction risk because of the greater availability 
of alternative potential interaction partners than less connected species (specialists) 
(Biesmeijer et al. 2005). Yet, when the extinction of generalists does occur, which is 
likely under some realistic extinction scenarios, it can lead to many secondary 
extinctions (Srinivasan et al. 2007). Such more realistic sequences have been based on 
considering e.g. the nested distribution of species across habitats, where species-poor 
habitats are characterized by a subset of the species present in richer habitats 
(Srinivasan et al. 2007).   
 
In sum, both fragment features and species sensitivity to habitat transformations may 
affect meta-community persistence in fragmented habitats. Multilayer networks 
represent a novel approach to study spatially fragmented communities and their inherent 
interdependence (Pilosof et al. 2017). Meta-networks are considered a multilayer 
representation of a set of ecological networks which are spatially distributed, connected 
by dispersal and influenced by colonization-extinction dynamics, and which in other 
words form a "network of networks" in a meta-community context (Hagen et al. 2012). 
Within a meta-community, highly connected local communities may sustain more 
species and larger populations than isolated communities; high connectivity, in turn, 
decreases the local extinction risk of species (MacArthur and Wilson 1967), especially 
of species at high trophic levels (Holt et al. 1999; Melián and Bascompte 2002). 
However, species persistence in landscapes depends largely on resource availability 
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among fragments) and the amount of habitat available (e.g., area of neighboring 
fragments) (Hanski 1999). Furthermore, species extinction as a consequence of habitat 
loss and fragmentation may not be immediate, especially for species with long 
generation times such as perennial plants (Figueiredo et al. 2019). Therefore, fragment 
age, i.e. the time elapsed since fragmentation, may be a key factor of current species 
composition in the landscape beyond connectivity and fragment size (Aguilar et al. 
2018) due to a possible extinction debt still being unpaid (Kuussaari et al. 2009). 
 
The effect of habitat loss on the robustness of ecological networks has been previously 
studied by simulating the loss of habitat patches of identical characteristics by 
simulating species extinctions in habitat patches in both simulated (Fortuna and 
Bascompte 2006) and real landscapes (Guardiola et al, 2018; Grass et al, 2018). 
Nonetheless, how the complete disappearance of specific habitat fragments in a real 
landscape affects meta-network robustness, is still poorly understood (Evans et al. 
2013). Although we know that the loss of heterogeneous habitats may affect meta-
network robustness (Evans et al. 2013), the effect of the loss of fragments with different 
spatio-temporal attributes surrounded by an anthropogenic matrix, such as fragment 
connectivity and age, adds potentially important ramifications and it has not been 
studied before. Furthermore, considering matrix composition and configuration 
explicitly may provide more information on meta-network robustness, especially in 
heterogonous landscapes (e.g., with several kinds of crops or a diverse topography). 
 
Our aim is to assess meta-network robustness to the removal of fragments with different 
areas, ages and connectivities, and whether such robustness varies among trophic 
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composition (mostly vineyards), we assumed connectivity was affected equally by the 
habitat matrix through the landscape. We hypothesized that if the contribution of 
fragments to meta-network robustness depends on their area, age and connectivity 
within habitat network, then the removal order of fragments according to these 
attributes should translate into meta-network robustness. We expected that the early loss 
of highly connected, large, young (i.e. recently isolated) fragments leads to a greater 
decrease in meta-network robustness than the loss of more isolated, smaller, older 
fragments. Furthermore, we expected that decreases in meta-network robustness will 
have more extreme values when considering species with increasing dependence to their 
resources (determined by trophic level or trophic specialization) and habitat 
specialization. Our study aims at shedding light on the relative impact of specific 
fragments in a meta-network context, and may thereby allow the identification of key 
versus redundant fragments (high or low contribution to robustness, respectively) 
information essential to habitat management and biological conservation of multiple 





To assess the relative contribution of fragments to meta-network robustness, we 
identified habitat fragments within an area of a fragmented dryland habitat in Valle de 
Uco, Mendoza Province, central-western Argentina. This region is characterized by an 
intense habitat modification since ca. 20 years ago, which has resulted in strong 
fragmentation, degradation and loss of the native Monte Desert ecosystem which 
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surrounded by vineyards (personal observation) and to a lesser extent by other types of 
agriculture (e.g., walnut orchards) or urbanized cover (e.g., roads or human settlements). 
In this setting, we defined a habitat fragment as any patch of remnant native vegetation 
with more than 70% of its perimeter surrounded by strongly modified habitat (e.g., 
agricultural land, roads, human settlements) and without indication of strong human 
disturbance (e.g., vegetation clearing). We identified 19 natural fragments within the 
target region of ca. 50,000 hectares, and used QGIS 2.18 free software to measure 
fragment area and geographical distance among all fragments (the shortest edge-to-edge 
distance between fragments). We did not detect spatial autocorrelation in fragment area 
(Moran’s I= -0.06, p-value=0.83). Fourteen fragments were sampled with permission 
from land owners, while the other five sites were left unsampled because of logistical 
constraints. These unsampled fragments and the neighboring continuous vegetation 
were included in all estimates of fragment connectivity for a full characterization of the 
landscape, so as to consider all possible dispersal routes among fragments. To assess 
when habitat fragmentation had taken place, we used available historical maps of the 
study area in GoogleEarth 7.3 (from 2004 to present) to determine fragment age 
(Supplementary material Appendix 1, Table A4 and Table A5). Furthermore, we 
explored correlations for these three fragment characteristics (Supplementary material 
Appendix 1, Fig. A3).     
 
Sampling and meta-network construction 
To build the meta-network we considered all plant-herbivore-natural enemy interactions 
(as presence-absence data) recorded in 14 habitat fragments (Supplementary material 
Appendix 1, Fig. A4), which involved plant species (herbs and shrubs), endophagous 
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(scale insects and aphids), and their natural enemies (parasitoids, hyperparasitoids and 
predators). We sampled plant–herbivore interactions at the centroid of each fragment 
along two 50 m × 2 m transect bands during the spring and summer of two consecutive 
years (2015–2016 and 2016–2017). We kept the sampling area constant to avoid 
confounding the true effects of fragment area with sampling effort. We kept the 
immature and/or parasitized herbivores in the lab (galls, mines, parasitized aphids and 
scale insects) until herbivore and parasitoid adult emergence, which allowed recording 
herbivore-parasitoid interactions. We identified all species and morphospecies emerged 
from galls, mines and parasitized aphids and scale insects, then we assigned them to the 
most likely trophic guild; alternatively, we identified galls and mines through external 
morphology when adult herbivores did not emerge in the lab. Furthermore, as insects 
associated to galls were highly diverse, it was not possible to determine whether a given 
species was a gall maker, a predator or parasitoid of the gall maker, or an opportunistic 
occupier of the gall, therefore we decided to consider parasitoids and predators 
interacting with the whole gall (Supplementary material Appendix 1, Table A1; for 
details see Santos et al. 2019).                   
 
Measuring of meta-network robustness to alternative scenarios of fragment removal 
To explore fragment contribution to meta-network robustness, we sorted the 14 habitat 
fragments according to their area (A), age (E) and six connectivity metrics combining 
geographical distances among fragments (D), neighboring area (A) and similarity in 
plant resources among fragments (S) (see correlations in Supplementary material 
Appendix 1, Fig A3). We described fragment connectivity (Ci) in its full version as 
   ∑ 
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where j represents a neighboring fragment, and we used D, DA, DAS, DS, SA and S as 
components of the six alternative connectivity metrics (more details in Santos et al. 
2019). We simulated fragment removal in increasing order—from small to large, young 
to old, little to highly connected fragments—and decreasing—from large to small, old 
to young, highly to little connected fragments (Fig. 1c).  
 
For each fragment removal, we considered secondary extinctions of herbivores and 
tertiary extinctions of natural enemies as consequence of the local extinction of plant 
resource, and calculated remnant species richness and trophic interactions. Therefore, 
we simulated extinctions for unique species and interactions occurring in each fragment, 
while redundant interactions (present in other fragments) remained in the meta-network; 
this simulation implies that we assessed the static structure of the meta-network after a 
given amount of time, during which the metacommunity was influenced by landscape 
structure through colonization and extinction events. We assumed that interactions 
exclusively recorded at a given site do not occur in other habitat fragments even if the 
plant resources or interacting partners were present at those sites. This assumption is 
based on the idea that although an interaction is biologically plausible, it might not 
occur in all fragments as interactions have a stochastic component (Gravel et al. 2019); 
however, we acknowledge that the possibility of false negatives created by low 
temporal sampling (2 consecutive years). Thus, if for example a parasitoid had been 
recorded parasitizing a specific herbivore species only in one fragment, and this 
fragment was then removed, then that interaction disappears from the meta-network. 
This mechanism would occur even if the same herbivore and parasitoid species were 
present in other fragments interacting with other partners; thus for this example, the 
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a fragment but its consumer was not recorded there, it was assumed that no interaction 
occurred; this is based on the idea that pairs of consumer-resource species could co-
occur in some fragments but not in others due to dispersal limitations, i.e. we assumed 
differential dispersal among species. 
 
To compare habitat loss across species groups and interaction types, we calculated 
minimum and maximum average of extinctions for the best and the worst scenarios, 
respectively, considering the removal of a half of the fragments. Then, we calculated 
meta-network robustness as the area under the curve of remnant species and interactions 
for a specific removal sequence (Memmott et al. 2004) for each trophic guild and 
interaction type. To order fragments by age sequence we randomly selected fragments 
of increasing or decreasing ages; when two or more fragments had the same ages, we 
sampled them with equal probability (100 samples), and we kept the increasing and 
decreasing sequences with the highest and lowest robustness, respectively. Finally, we 
compared observed robustness for each removal rule against calculated robustness for 
100 random fragment removals (code provided in Supplementary material Appendix 2). 
We interpreted the relative contribution of fragments with certain attributes as 
determinants of meta-network robustness. In addition, we calculated connectance and 
linkage density in local networks using the bipartite package of R (Dormann et al. 
2009) as a complementary description of network complexity in fragments which reflect 
changes in the frequency of different interactions. Connectance is a qualitative network 
descriptor historically associated to network complexity in the literature (May, 1972), 
but it is sensitive to sampling effort, while quantitative descriptors have the potential to 
overcome this problem (Bersier et al. 2002); these metrics describe the extent to which 
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2002) and linkage density as the marginal totals-weighted diversity of interactions per 
species (Bersier et al. 2002). All analysis were carried out using R 3.5.1 (R Core Team, 





The meta-network comprised 14 habitat fragments, 40 plants species harboring 40 gall 
types, 26 mine types, 30 morphospecies of scale insects, 22 morphospecies of aphids 
(all of these based on external morphology), and 166 parasitoid species or 
morphospecies based on taxonomic descriptions. Furthermore, we identified 78 
herbivore species among adults emerged from mines and galls, including "inquilines" 
i.e. insects which consume gall tissue (Askew 1980) and we recorded other herbivores 
probably "tourists" which may have been associated incidentally (Supplementary 
material Appendix, Table A1 and Table A2). We found some congeneric plants without 
associated insects that could be a result of insufficient sampling effort to detect 
interactions related to low plant abundances or the specificity of herbivores to plant 
species level (not genera), which is quite common in endophage herbivores. We usually 
found herbivores on plants from medium to high abundance, mainly woody plants 
native to the Monte Desert (see Supplementary material Appendix 1, Table A2). 
Although low plant abundances could have prevented the detection of some 
interactions, given that most interactions were found on abundant plants, we believe that 
this detection problem should not alter the results. 
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Removal of a half of the fragments in all habitat loss scenarios resulted in the extinction 
of between 16% and 38.6% of species in average (Fig. 1a). Removing fragments in 
order of decreasing age lead to the lowest extinction rates (highest robustness), with 
plants experiencing the fewest extinctions (~10%) and parasitoids the highest (~20%) 
(Supplementary material Appendix, Fig. A1ac). At the same time, removing fragments 
in order of increasing S connectivity lead the highest rate of species extinctions, with 
plants suffering the fewest proportional extinctions (~32%) and predators and 
herbivores the highest (~45% and 42%, respectively) (Supplementary material 
Appendix, Fig. A1y). Furthermore, we found between 27.1% and 48.3% of interaction 
extinctions on average when we removed half of the fragments (Fig. 1b). The fewest 
extinctions were recorded when fragments were removed in order of decreasing age, 
with plant-herbivore interactions being the least affected (~18%) and herbivore-
parasitoid interactions the most affected (~34%) (Supplementary material Appendix, 
Fig. A1ae). In contrast, the greatest impact was observed when fragments were removed 
in order of increasing D connectivity (see equation 1), with herbivore-predator 
interactions having the highest rate of extinctions (~58%), followed by herbivore-
parasitoid interactions (~%48) and plant-herbivore interactions (~38%) (Supplementary 
material Appendix, Fig. A1g). We have found the same trend when we split the data set 
by years (Supplementary Material Appendix 1, Fig. A6), i.e. the meta-network was 
more robust to the loss of old, large, connected fragments than of young, small, isolated 
fragments. 
 
Considering a meta-network composed by all species groups and trophic interaction 
types as a whole, we found higher robustness for scenarios where habitats were lost in a 
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scenarios of random fragment removal. In other words, we observed a relative increase 
in robustness for the cases where we first eliminated the largest, oldest or most 
connected fragments (with connectivity characterized by any connectivity metric; Fig. 2 
red triangles). In contrast, we found lower robustness than expected for random 
fragment removal when we first eliminated small, young and isolated fragments (Fig. 2 
blue triangles), i.e. for scenarios of habitat loss in an increasing order (Table 1). 
Supporting higher relative robustness for decreasing than increasing age scenario, we 
observed less plant richness in old fragments, considering both woody native plants and 
herbs, thus when these fragments were removed first the meta-network did not 
experience too much secondary and tertiary extinctions  (Supplementary material 
Appendix, Fig A2). 
 
The best and worst scenarios of habitat loss differed among species groups and trophic 
interaction types (Table 1). Nonetheless, they all shared an increasing trend of meta-
network robustness under a decreasing order of fragment removal and a decreasing 
trend under an increasing order of fragment removal according to fragment features. 
Furthermore, meta-network robustness decreased with trophic level for species, and 
even more strongly for interactions. For species, young, dissimilar fragments in plant 
composition contributed more to the maintenance of plants, herbivores (except for 
aphids) and predators, while geographically isolated fragments contributed more for 
parasitoids. For interactions, dissimilar fragments in plant composition contributed more 
in preventing extinctions of plant-herbivore interactions, while geographical 
connectivity and area of neighboring fragments contributed more to maintaining 
interactions between herbivores and natural enemies. In addition, we found more 
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more complex herbivore-parasitoid networks in small fragments (Supplementary 




We assessed the relative contribution of habitat fragment with different area, 
connectivity and age to meta-network robustness facing alternative realistic scenarios of 
habitat loss. We found that early removal of young, small, isolated fragments resulted in 
a higher number of plant primary extinctions, secondary extinctions of herbivores and 
tertiary extinctions of their natural enemies, as well as the extinction of trophic 
interactions. Contrary to expectation, neither fragment area nor connectivity contributed 
to meta-network robustness. Thus, the key role of young, small, isolated fragments for 
meta-network robustness highlights their value as sources of unique species and 
interactions at the regional level, which, if correctly managed, may contribute to 
biological conservation and community restoration in fragmented landscapes. Although 
establishing dispersal limitations of multiple species in a metacommunity may be 
unfeasible, we are aware that including spatial dynamics in future studies would add 
realism to predictions. However, our approach is the first step to understand the meta-
network structure and their consequences on the robustness for multiple species and 
their trophic interactions. 
 
Contribution to meta-network robustness of young, small and isolated fragments 
The robustness of fragment removal in sequences from small to large, young to old and 
little to highly connected was considerably lower than the mean robustness of random 
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expected under the random scenario. These results suggest that species and interactions 
in small, young, little connected fragments are not redundant and that therefore, their 
elimination should lead to the extinction of unique species and interactions at the 
regional level. Consistent with our predictions, we found that plant and animal 
composition in young fragments, as a result of short periods of disturbance, might 
contribute with more unique assemblages of species and interactions than old fragments 
(Valiente-Banuet et al. 2015), which suggests a possible unpaid extinction debt. In fact, 
meta-network robustness increased substantially when old fragments were removed 
first, which harbor lower plant richness, including both woody, native, long-lived plants 
and non-woody, ruderal, short-lived plants (herbs) (Supplementary material Appendix 
1, Fig. A2). However, and contrary to our expectations, small, isolated fragments 
contributed more than large, well connected fragments, which might be related to the 
specificities of our study area or network structure.  
 
In addition to a potential extinction debt, several non-mutually exclusive factors may 
add to the high contribution to meta-network robustness by the smallest, most isolated 
fragments. The Monte ecoregion is characterized by low precipitation, extreme 
temperatures and xerophytic vegetation, while cultivated lands under irrigation 
represent "oases" within the desert; thus, it is likely that small- or medium-sized 
fragments surrounded by crops benefit from water and fertilizer supplies. In this 
context, the species-energy relationship may be explaining the contribution of small 
fragments to meta-network robustness better than the species-area relationship, because 
it replaces area by an estimate of available energy, such as productivity, to predict 
species richness (Wright 1983). Therefore, the benefit obtained through energy from 
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proliferation) through increased number of individuals ("more individuals hypothesis"; 
Srivastava and Lawton 1998) or increased plant growth and thus more resources 
available to herbivores. In support to this theory, we found slightly higher richness of 
ruderal herbs in smaller fragments but not of woody plants (Supplementary material 
Appendix 1, Fig A2); we also detected changes in the plant composition of the 
fragments considering all species plants or only herbs (Supplementary material 
Appendix 1, Fig A5), although we did not find high correlation with fragment area. 
However, richness of plant-herbivore interactions decreased with area. These results 
suggest that supplies from cultivated land could be contributing moderately to the 
proliferation of different herbs on small fragments, but not of herbivores, as a result of 
transient dynamics (Ovaskainen & Hanski, 2002), and thus it may affect meta-network 
robustness on some species of the basal trophic level but it does not on interactions and 
species of higher trophic levels.      
 
Furthermore, there seems to be a relationship between fragment size and isolation and 
the type and intensity of disturbances to which they are exposed. In fact, based on field 
observations, we found that habitat fragments completely surrounded by crops usually 
prevent access by domestic cattle, unlike fragments limited by roads or urban areas, 
which are frequently larger and better geographically connected to continuous habitat. 
This restriction in more isolated fragments could represent a benefit to native vegetation 
and associated insect community because it avoids negative effects of cattle on natural 
vegetation (Chillo and Ojeda 2014). Therefore, small, isolated fragments, which are 
apparently less perturbed by cattle, can result in richer plant communities with larger 
populations and thus, a greater contribution to meta-network robustness. Considering 
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mechanism (Supplementary material Appendix 1, Fig. A2). Future studies should assess 
whether more realistic metrics of connectivity including matrix characteristics and 
species mobility lead to different conclusions.   
 
An alternative explanation concerns differences in network complexity among 
fragments. Robustness is a component of network stability, and while a body of 
evidence supports the notion that network complexity hampers stability through effects 
of direct and indirect interactions (Fox and Olsen 2000; Melián and Bascompte 2002; 
Thébault and Fontaine 2010; Vieira and Almeida-Neto 2015; McWilliams et al. 2019), 
there is also evidence supporting the opposite idea (Dunne et al. 2002; Allesina and 
Tang 2012); we found more complex networks (higher connectance and linkage 
density) in small, isolated fragments, which had a higher contribution in meta-network 
robustness (Supplementary material Appendix 1, Table A3). Thus, our results agree 
with the notion that greater complexity enhances stability (robustness in this case) and 
reinforces the assumptions about lower perturbation intensity in those habitat fragments. 
An alternative explanation is related to changes in network structure through behavioral 
responses such as rewiring (switching of interaction partners), which can occur as an 
adaptive strategy against habitat modifications (Tylianakis and Morris 2017). 
Simulation studies have shown that interaction rewiring enhances robustness in 
mutualistic networks (Ramos-Jiliberto et al. 2012). Therefore, as rewiring can be 
expected to be particularly prevalent in more modified habitats (small, isolated), where 
“whimsical” species combinations lead to new interactions, those fragments may 
contribute to enhance meta-network robustness.  
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We showed that habitat loss affects meta-network robustness for species belonging to 
different guilds and their trophic interactions. Plants were more robust than animals in 
almost all the scenarios evaluated; this is hardly surprising, since plants represent the 
basal trophic level on which the other trophic levels depend. Thus, higher trophic levels 
generally show higher susceptibility to habitat loss (Holt et al. 1999, Roslin et al. 2014). 
However, we showed that “best” (i.e. least devastating) scenarios of habitat loss for 
herbivores and natural enemies were different and we did not detect large differences 
between their robustness; these results suggest that both trophic levels may have similar 
tolerance to habitat loss and they relate with landscape in a different way.   
 
Parasitoids showed greater robustness than herbivores, especially in scenarios that 
involved fragment removal of decreasing connectivity by geographical distances 
(weighted or not by area and similarity in plant composition). This result may be due to 
parasitoids having a wider regional distribution (higher mobility) and greater trophic 
generalization than herbivores (Holt et al. 1999). If so, then elimination of more 
connected fragments from the landscape may not reflect into any higher rates of 
secondary extinctions among parasitoid, simply because they are widely distributed 
among fragments (Holt et al. 1999). As an alternative, by being generalists the 
parasitoids may persist by developing in alternative herbivore host species, while 
specialist herbivores become extinct when their plant resources disappear (Cagnolo et 
al. 2009). These explanations also agree with the results that we found for trophic 
interactions in habitat loss scenarios based on connectivity by distances; the greater 
extinction rates (i.e. lower robustness) observed for herbivore-parasitoid interactions 
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extinctions, they effectively lost more interactions, so each loss of a parasitoid species 
implied many interactions lost.  
     
Conclusions 
 
The contribution of small, young, isolated fragments to meta-network robustness 
highlights these habitats as sources of unique species and interactions at the regional 
level. Therefore, these fragments could contribute to biodiversity conservation and the 
restoration of fragmented landscapes. However, the apparent occurrence of an 
extinction debt in young fragments suggests that the value of these fragments could 
change over time. Thus, the spatio-temporal heterogeneity of fragment contribution to 
meta-network robustness provides a unique opportunity for restoration in old fragments 
through the incorporation of biological corridors increasing landscape connectivity, 
while small, isolated fragments may represent a source of species to more degraded 
fragments.       
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Figure Legends  
 
Fig. 1 Average percentage of a) species (plants, herbivores, parasitoids and predators) 
b) interaction extinctions (plant-herbivore, herbivore-parasitoid and herbivore-predator) 
under alternative scenarios of habitat loss in a fragmented Monte shrubland (Valle de 
Uco, Mendoza) illustrated in c). The bars show extinctions as a percentage of extinct 
species and interactions after half of the fragments had been removed in increasing or 
decreasing order according to fragment age (E), area (A), connectivity by geographical 
distances (D), connectivity by similarity in plant composition (S) and combinations of 
the last three attributes. Dotted lines show maximum and minimum percentage of 
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Fig. 2 Meta-network robustness in a fragmented habitat of native Monte (Valle de Uco, 
Mendoza) for different species groups and trophic interactions under alternative habitat 
loss scenarios against random removal. Each panel shows the median with 95% 
confidence limits from the random scenario with fragments removed in increasing (blue 
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Table Legend 
Table 1 Summary table of the “best” and the “worst” scenarios of habitat loss according 
to age, area and connectivity (see references in Fig. 1) for increasing and decreasing 
removal order, considering the highest meta-network robustness (R) as the best scenario 
and the lowest robustness as the worst.   
 
 
A
cc
ep
te
d
 A
rt
ic
le
